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Abstraet--A novel process was developed to firmly coat an aluminium alloy, A16061, with ~t-Al203  by 
means of laser processing. In this approach a mixture of SiO2 and A1 powder was used to inject in the 
laser melted surface of aluminium. A reaction product ~t-Al203  layer of a thickness of 100/~  m was created 
which was well bonded to the aluminium surface. 
Various interfaces, AI#t-A1203, Al/mullite and ~-A1203/mullite, were studied by conventional  trans- 
mission electron microscopy (CTEM) and high resolution electron microscope (HREM). It turns out that 
the presence of the A1/mullite interface may be essential to form a well bonded oxide layer and the high 
Si-content ct-A1203 intermediate  layer may be wetted better by liquid A1. Investigations of the interface 
structures and wetting phenomena  during laser processing are presented and a simple correlation between 
wetting phenomena  and interface  strength  is derived. 
1.  INTRODUCTION 
The low hardness and poor wear resistance are the 
principal reasons that limit the potential applications 
of aluminium alloys. Hardfacing on aluminium alloys, 
e.g. by electro-deposition  and anodizing, may improve 
the hardness and wear resistance significantly. How- 
ever, there are still major drawbacks in these conven- 
tional methods. The bonding between these coatings 
and aluminium alloys is usually weak [1-3] and may 
cause failure during application. The amorphous an- 
odizing layer [3] is brittle with a relative low hardness 
(HVoA 250-500) to resist abrasive wear. Recently a few 
attempts  were  made  using  a  laser  to  coat  an 
intermetallic or  a  ceramic  layer on  the  surface  of 
aluminium  alloys [4, 5].  However  there  are  several 
difficulties in this process. 
First, the high melting point of ceramics which is 
close to  the  boiling point  of aluminium  requires a 
high energy density of the laser beam to melt ceramic 
coating. It will generate a  strong convective flow in 
the aluminium melt pool, and eventually it may lead 
to  a  substantial surface  roughness  and  destroy the 
ceramic  coating.  Secondly,  the  large  difference  of 
thermal  expansion  coefficient  between  aluminium 
(about  22pm/m°C)  and  ceramics  (mostly  below 
8#m/m°C)  will  introduce  high  stresses  at  the 
metal/ceramics interface during rapid cooling which 
may cause the interface bonding to fail. Finally, the 
wetting  of aluminium  on  most  ceramics  is  usually 
poor and the rapid melting and solidification of laser 
process require a good wetting between liquid metal 
and solid ceramic within a very short period, say from 
0.01  to  0.1 s.  Therefore it was  pointed out  [4] that 
laser coating  on  aluminium  alloys is  very  difficult 
compared  with  coatings  on  other  metals  such  as 
iron-base materials [6, 7]. In order to overcome these 
drawbacks,  we  have  developed a  novel  process by 
means of a chemical reaction. Preliminary results and 
ideas were presented in [8]. In this reaction coating, 
a mixture of SiO2 powder with aluminium was used 
to  inject in  the  laser melted  surface of aluminium. 
The  following  reaction  occurred  2AI +  3/2SIO2 = 
A1203 +  3/2Si.  A  large amount  of heat will release 
from  this exothermic reaction.  For instance,  if the 
reaction  occurs  at  1173K  the  exothermic  heat  is 
383.4 kJ/g. mol which is sufficient to melt the reac- 
tion products. Therefore a  much  lower laser energy 
density (about one fourth as before) is required, and 
consequently the convective flow inside the melt pool 
can be significantly reduced.  This will diminish the 
roughness of the coating on AI. The large, negative 
value of the free energy (-297.7 kJ/g. mol at 1173 K) 
in  this  reaction may  also  provide  a  rapid  wetting 
between  the  oxide  and  the  metal  substrate.  The 
reaction product of ~-A1203  layer of a  thickness of 
100/~m was created on the aluminium alloy surface 
by this reaction coating  technique  [8]. It turns  out 
that  the  reaction  layer  was  well  bonded  to  the 
aluminium surface. The micro-hardness of the layer 
exhibited a very high value around HV02 2300-3060 
and  a  wear  test  demonstrated  that  there  was  no 
detectable wear from the coating. 
In  this  study  we  present  a  more  detailed 
investigation of the interface structures and wetting 
process during  this  novel  reaction coating process, 
applying mainly conventional transmission electron 
microscopy (HREM). 
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2.  EXPERIMENTS 
Because  of  the  low  melting  point  of  the  A1 
substrate, a relatively high laser scan velocity and low 
energy density of beam were used in order to reduce 
the roughness of the oxide layer. The laser parameters 
(CW-CO2 Spectra Physics 820) were: output power of 
1.0-1.2 kW, scan velocity of 40 mm/s and defocus of 
20 mm with a beam diameter of 3 mm. An overlap of 
subsequent laser tracks of 67% was applied in order 
to form a sufficiently thick layer. A  mixture of SiO2 
and AI powder with a mole ratio of 1:1 was injected 
into the laser melt pool of the A16061 substrate.  The 
chemical composition of A16061 is  1.0 wt%Mg,  0.6 
wt%Si, 0.25 wt%Cu, 0.25 wt%Cr. The particle sizes 
of the powder ranged from 5 to 45 #m in the case of 
A1 powder and from 2 to 40 #m for SiO2. A relatively 
smaller size of particulates is favourable for a homo- 
geneous reaction, although, because of aggregation of 
small SiO2 particles with aluminium, it becomes more 
difficult  to  feed  the  mixing  powder  through  the 
home-made powder feeding system. 
A  JEM-200CX  transmission  electron microscope 
operating at 200 kV was used to study the microstruc- 
ture  and  interfaces.  Further,  a  high  resolution 
electron microscope (HREM) (JEM-4000EX II) with 
point-to-point  resolution  of  0.17nm  resolution 
operating at 400 kV was applied.  The  specimen for 
both  TEM  and  HREM  were  cross  sectioned  and 
glued together afterwards.  Subsequently,  the sample 
was ground to about 60/~m and dimpled later on to 
about 15/~m near the centre. Ion milling was used for 
the final thinning.  Simulation of HREM images was 
carried out using the EMS program [9] to compare 
the experimental  images with the simulated  images. 
In the simulations a  specimen thickness was chosen 
to  be  10nm,  an  aperture  diameter  of 20nm -~,  a 
spherical  aberration  constant  of  C,= 1.0mm,  a 
spread  of  focus  of 6 =  11 nm  and  a  beam  semi- 
convergence ~g = 0.7 mrad. 
X-ray diffraction indicated [8] that ~-A12  03 was the 
predominant  major  phase  in  the  reaction  layer. 
Further, silicon and mullite, crystalline SiO: co-exist. 
The silicon concentration in the ~-A1203 layer is very 
low  about  0.17-3.2mo1%  as  analysed  by  EDS 
(Energy  Dispersive  Spectrometry)  in  the  scanning 
electron microscope (SEM). According to SEM and 
EDS  analyses,  two  interface  layers  usually  exist 
between  the  reaction  ~-A1203  coating  and  the 
aluminium substrate  as depicted in Fig.  l(a): one is 
the high silicon content layer bound to the ~-A1203 
coating  and  another  is  a  thin  layer  with  a  high 
Al-content in contact with the aluminium substrate. 
Based on the TEM observation, the structure in the 
high silicon content layer consists mainly of a mullite 
phase  and  an  amorphous  silicate  phase.  The  thin 
oxide  layer  located  between  the  silicate  and  the 
aluminium substrate  is ct-Al203  with a  relative high 
Si  content  (4-6mo1%).  As  the  ct-A1203 interface 
layer is very thin, quite often an Al/mullite interface 
is created as shown in Fig.  l(b).  According to SEM 
observations, mullite is always firmly bonded to A1. 
However  pores  or  debonding  between  AI/~t-A12Oa 
interface  is  sometimes  observed.  In  particular 
when  the  interface  consists  only  of  ~-AI2Oa 
eoating/aluminium  substrate  without  the two  inter- 
layers,  failure  occurs  frequently  as  displayed  in 
Fig.  l(c). 
Figure  2  represents  a  TEM  bright  field  image of 
A1/A1203  interface,  where  a  crystallographic 
orientation  relationship  [2~l]AI203//[I10]AI  and 
(110)AJ203//(I11)A  l exists.  Figure 3 illustrates an inter- 
face between the mullite layer and the Al substrate, 
whereas the mullite/ct-AI20  3 interface is depicted in 
Fig. 4. Here the bonding between the metal/oxide and 
Fig.  1. SEM picture from a cross-section of the reaction 
coating  indicates: (a)  two intermediate layers, a  high Si- 
content oxide (1) and a high Al-content oxide (2) between 
the  ct-Al203 coating  and  AI substrate.  (b) Pores  existing 
between ~-A1203 thin reaction layer and A1 substrate.  (c) 
Debonding between ~t-A1203 reaction coating and AI sub- 
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Fig. 3. TEM micrograph illustrates the mullite/Al substrate 
interface substrate. 
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Fig. 2. (a) TEM bright field image of AI  2  03/A1 interface and 
(b)  diffraction  pattern  indicating  [2~l]AI203//[l10]AI and 
(II0)AJ203//(T1  l)Ai; O  belongs to AI,  x  belongs to A1203. 
oxide/oxide are good.  Figure 5 represents a  typical 
TEM  micrographs  of  ct-A120  3  grains  inside  the 
reaction coating. The grain size of the ~t-AI  2  03 ranged 
from 1 to 3/~m. Figure 6 shows the mullite cubes and 
plates in the coating. The sizes of the mullite cubes 
and  the width  of the mullite plates are very small, 
ranging  between  0.1  and  0.2/~m.  The  mullite cube 
planes are on  {110} and the growth direction of the 
mullite plate is on  (100).  The facet of mullite cube 
on the {110} represents the fact that the {110} is the 
lowest energy plane. 
Figure  7  illustrates  HREM  images  of  mullite 
viewed along the [010] direction. By comparison with 
the simulated images (Fig. 8), where the 3:2 muilite 
(3A1203 • 2SIO2) [10] was used, the defocus depths of 
the HREM  image can be resolved. At a  defocus of 
-  72, a shift of columns of atoms, which is randomly 
distributed over the structure, can be observed in the 
HREM  image. This shift of atoms is caused by the 
presence  of point  defects  in  the  mullite lattice.  In 
Fig.  9  a  HREM  image  of  silicon  precipitate  is 
depicted  as  observed  along  the  [ll0]  direction. 
Clearly,  (l l l)  twins  and  stacking faults  have  been 
developed. These twins and stacking defects indicate 
that the silicon precipitate is highly strained. Because 
a  crystallographic orientation  relationship between 
aluminium and mullite is hard to observe, an image 
at  atomic  resolution  on  both  side  of  metal/oxide 
Fig. 4. TEM image of mullite/A1203 interface. 
Fig. 5. TEM dark field image of ~t-Al203 crystals. 
interface could not be obtained. Figure 10 represents 
an example of a HREM image of an All110]/mullite 
interface. 
3.  DISCUSSION 
During laser processing of a ceramic coating onto 
metals  the  interface  strength  between  the  ceramic 
layer and the metallic substrate as well as the wetting 
phenomena are the two predominant factors. Usually 
enhanced wetting induces improved strength of the 
interface  and  therefore  it  is  appropriate  to  find  a 1158  ZHOU and De HOSSON:  METAL-CERAMIC INTERFACES 
Fig. 6.  (a) TEM  bright field image  of mullite  cubes  and 
plates and (b) diffraction  pattern. 
relationship  between  wetting  phenomena  and 
interface  strength.  In  general  a  metal/ceramic 
interface can  be categorised as  a  reactive interface 
and  non-reactive  interface,  where  the  free  energy 
between the metal and ceramic is negative or positive, 
respectively. Chemical reactions can provide a rapid 
and  complete wetting  process and  may benefit  the 
formation  of the  oxide  coating  on  metal  by  laser 
processing.  According  to  thermodynamic  calcu- 
lations of the reaction between A1 and SiO2 [8], a large 
(negative) free energy of -297 KJ/g. mol at 1173 K, 
would significantly improve the wetting of metal onto 
oxide.  However  as  the  coating  was  produced  by 
overlapping laser tracks, the negative free energy of 
the second laser track would  not contribute to  the 
wetting of the edge of the first laser track where the 
reaction has already occurred. Therefore, in this case 
the wetting and interface strength of a  non-reactive 
metal/ceramic interface could be more relevant. How- 
ever,  still chemical  bonds  could  be  formed  locally 
along this interface as a  result of which the work of 
adhesion is affected, i.e. the strength of the interface. 
There  are  mainly  two  different interactions  that 
may contribute to  the work of adhesion between a 
metal  and  a  ceramic,  i.e.  physical  and  chemical 
interactions. Here the work of adhesion or,  as it is 
also called, the interfacial free energy of adhesion, 
Wad  is  taken  as  the  energy  required  to  separate a 
plane of metal (m) from a plane of ceramic material 
(c), from their equilibrium distance R  to infinity, i.e. 
Fig. 7. HREM images of mullite on [010] with a series of 
defocus values: (a)  -24; (b)  -48; (c)  -72. 
described by the interaction between two semi-infinite 
bodies 
Wad =  --  fad,mcd2"  (1) 
where the force is given by 
j;  j;  f~d,mc  = 2nNm  Nc  dp  qdq  g(r) L 
(2) 
u(r)  represents  the  interaction  potential,  N  is  the 
atomic density [m -a] and g (r) is the probability of 
finding an atom at a  distance r  of a  given one. The 
last  integral  gives  the  interaction  between  a  metal 
atom and a slab of the ceramic material. The integral 
over q gives the interaction between a metal atom and 
the complete ceramic materials, whereas a subsequent 
integration over p yields the total interaction between 
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Fig. 9.  HREM  image of Si precipitate on [110] showing 
(11 I) twins and stacking defects. 
Fig.  10. HREM image of AI[110]/mullite interface. 
interaction potential u (r) is commonly described by 
the  London~iispersion interactions,  i.e.  the  attrac- 
tion between an instantaneous dipole and its induced 
dipole: i.e. -A/r 6, where A  =  3 ~mCtcIml~/2(Im  +  Ic); 
Ira, Ic are the ionisation potentials of the two atoms 
and ct~ represent their polarizabilities. Substitution of 
this dispersion force in equation (2), while g (r) is set 
equal to  1,  gives a  contribution due to the physical 
interaction to  Wad as written in the first part  of the 
following equation 
~m~c// imlc x  Wad=nmncn~\ l~-~ ]-fl  AFmc  (3) 
where n is the number of atoms per unit surface area 
of  the  interface.  The  second  term  in  equation  (3) 
represents  the  contribution  due  to  chemical 
interactions:  1/2 AFmc is the standard free energy of 
ionic bonds, fl is the density of the ionically bonded 
sites and B is the number of bonds in a  gram mole. 
In most metal/oxide interface of engineering interest, 
the  first  part  describing the  physical  interaction in 
equation (2) is relative weak [11], whereas the second 
part  due  to  the  chemical  interaction  is  more 
predominant. Several observations indicated [11-16] 
that  a  chemical  bond  was  built  up  between 
Fig. 8. Simulated HREM images of mullite structure (d) at 
the same defocus  values as in Fig.  7:  (a)  -24; (b)  -48; 
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metal/oxide  interface,  as suggested  in equation  (3). 
However, the detailed understanding of the interface 
structure is still very complex for each individual case. 
For  the  sake  of  simplicity,  we  assume  that  the 
bonding  of  metal/oxide  interface  has  a  similar 
structure as in the most stable oxide structure of the 
metal.  This interface is also the weakest part in the 
system compared to the cohesive energy of ceramic. 
Consequently the elastic modulus across the interface 
and  the  interface  spacing  may  be  approximately 
represented  by  the  values  of  the  metal  oxide.  A 
theoretical  tensile  strength,  assuming  cleavage 
fracture and no plasticity, between a perfectly bonded 
metal/oxide  interface  might  be  estimated  assuming 
that the increase in interface energy associated with 
the creation of new surface areas is equal to the work 
of adhesion at room temperature.  It is assumed that 
the interface is intrinsically brittle,  i.e. 
Wad Emo 
ath =  2R  (4) 
Introduction of equations (3) into (4) and neglecting 
the physical interaction  term,  the theoretical  tensile 
strength for cleavage fracture is given by 
N/  /~AFm°  Era°  %  =  (5) 
4RB 
where Em0 is the elastic modulus of the metal/ceramic 
and  R  is  the  spacing between  two  strong chemical 
bond at the interface. Equation (5) suggests that the 
interface strength  is enhanced by a  strong chemical 
bond over the interface, e.g.  higher values of -AFro0 
and  Em0, together  with  an  increase  of 8.  HREM 
studies  [14-18] of the metal/oxide  interface  suggest 
that the interface spacing is comparable in magnitude 
to the atomic spacing.  However the elastic modulus 
in equation (5) is likely to be overestimated because 
the interface bond might be relatively weaker than the 
bond  of  the  most  stable  metal  oxide,  and  the 
geometry at the interface may be completely different 
from the metal oxide. In the other words, the prob- 
ability of a strong bond which can be built up across 
the interface is relatively less comparing to the pure 
metal  oxide  crystal.  Therefore  a  detailed  study  of 
atomic arrangement at an interface is necessary. 
It is known that the work of adhesion between a 
liquid  metal  and  a  solid  can  be  described  by 
Wad =  Ysv "31-  ~lv -- ~)sl  (Duprr's  equation)  where  ? 
represents the interfacial free energy (s: oxide, 1: liquid 
metal, v: vapour). Dupr~'s equation can be rewritten 
as  ?l(l+cos0)  (Young's  equation).  Here,  the 
spreading  pressure  is  neglected  that  denotes  the 
difference between Ys, the surface free energy of the 
bare solid surface, and Ysv, the surface free energy of 
the solid in the presence of saturated vapour from the 
liquid metal (i.e. no extra adsorbed layer). The work 
of adhesion does not change significantly from high 
temperature  to  room  temperature.  Introduction  of 
the  expression  of  Wad  at  high  temperature  into 
equation (4)  gives 
; 
~1 (1 + COS 0 )Era0 
ath =  2R  (6) 
In fact it is interesting to note that experimentally the 
initiation  fracture  resistance  in  a  model  system  of 
gold of thickness  h bonded to sapphire,  appears to 
follow  Wad[l + ffoh/l'V~] 1/2, where a 0 represents  the 
uniaxial yield stress of gold [19]. 
From  equation  (6)  it  can  be  clearly  seen  that  a 
small contact angle 0 and  a  strong interaction,  e.g. 
larger Em0, between metal and  oxygen will  increase 
the  theoretical  strength.  Table  1 lists  some  of the 
calculated  results  of O'th which  ranges  from  1  to 
40 GPa.  These  are  much higher  than  the values  of 
metal/ceramic  interfaces  of any  kind  of joining  or 
coating  in  real  practice  which  lie  in  the  order  of 
101-102 MPa [20]. This is only partly because of the 
overestimate of the elastic modulus at the interface, 
since  in  real  practice  primarily  the  mode  of 
deformation,  the  existence  of interface  defects  and 
interface  residual  stress  determine  the  interface 
strength.  In particular the zone around an interface 
crack on the metal side that contains a distribution of 
lattice dislocations may affect considerably the stress 
level  to be  built  up  for rupture  along the interface 
[21]. 
Following the Griffith-Orowan analysis,  suppose 
that there is a  crack of length 2c existing along the 
metal/ceramic interface and the radius of curvature at 
the tip of the crack is p, then the nominally applied 
stress can be  related  to the  maximum  stress  at  the 
crack  tip  approximately  by 6max[p/4c] 1/2. We  may 
reasonably assume that fracture will occur when amax 
equals %  [equation (6)], i.e. the fracture strength of 
Table  1.  Interface strength of various metal/oxide interface. The  data were taken from [22, 32]  and 
calculated according to equations (6) and (7) 
T  Emo  ~l  Rm0  0"th  0"in  f (0.1 /.tm) 
Oxides  Metals  (°K)  0 °  (GPa)  (J/m  2  )  (nm)  (GPa)  (MPa) 
AI203  AI  1213  170  380  0.86  0.183  3.7  78.8 
Al  1523  48  380  0.86  0.183  38.8  825.4 
Fe  1823  141  1.18  1.86  0.206  1.1  24.7 
Si  1723  80  72.3  0.73  0.174  13.3  278.3 
Cr203  Fe  1823  88  1.18  1.86  0.206  2.3  53.3 
MgO  Fe  1823  130  1.18  1.86  0.206  1.4  31.3 
Si  1723  101  72.3  0.73  0.174  IIA  231.1 
ZrO  2  Fe  1808  111  1.18  1.86  0.206  18.5  83.5 
Si  1723  71  72.3  0.73  0.174  14.2  295.7 ZHOU and De HOSSON:  METAL42ERAMIC INTERFACES  1161 
the interface is approximated by 
X/~l(1 +  cos 0 )E~op 
~r~f ~-  8cR  (7) 
Equation (7) gives a  simple correlation between the 
interface strength and the wetting angle as well as the 
geometry  of the  interface  crack  p/c.  Suppose  the 
interface  fails  by  a  brittle  fracture  then  p  is  still 
approximately equal to R  and the interface strength 
may be calculated from equation (7) for various crack 
lengths.  In Table  1 the  results for 2c =0.1 #m  are 
listed. It is clearly seen  that  these values provide a 
more realistic estimate of practical interface strength. 
In  fact  during  the  coating  or  joining  processes, 
interface cracks may be introduced by non-wetting. 
Therefore  according  to  equation  (7),  a  smooth 
surface  and  a  good  wetting  will  be  expected  to 
improve the interface strength significantly. However, 
pores filled with gas at a metal/ceramic interface may 
not behave as a crack at the interface as the curvature 
of  pores  is  much  large  than  the  dimension  of  a 
interface spacing. In our reaction coating pores can 
be observed quite often along the A1--a-AI203 inter- 
face but the complete interface are still bonded. 
In a laser melt pool, the temperature at the centre 
of laser melt pool is very high, but the temperature 
at the side of melt pool is relatively low, i.e. about the 
melting point of AI. Therefore the wetting near the 
edge  would  be  dominated  by  the  contact  between 
reaction product of ~-AI203 or mullite and liquid A1 
at the melting point. It is known that the wetting of 
~-AI203  by  liquid  AI  is  rather  temperature-depen- 
dent. For instance the wetting angle of AI to 0~-A1203 
[22] decreases from  170  at  1213 K  to 48  at  1523 K. 
Then the reaction product of ct-A12  03 in the first laser 
track might not be wetted by liquid aluminium from 
the second track because of the lower temperature. 
As  a  consequence  debonding  can  be  sometimes 
observed along the A1/A1203 interface. 
Further,  wetting  can  be  improved  by  a 
nonstoichiometric  composition.  For  instance,  the 
wetting angle decreases from  116 to 84  ° for Cu/UO2 
when  the  O/U  ratio increased from  2.001  to  2.084 
[23], and decreases from  120 to 0 ° for Cu/TiC when 
Ti/C ratio decreased from  1 to 0.5.  It is known that 
mullite [10] is a nonstoichiometric silicate compound 
with  a  chemical composition variation over a  wide 
ranging  from  3A1202 • 2SIO2  to  2A1203 • SiO2.  One 
important feature of mullite is that  there are many 
oxygen  vacancies  present  which  are  always 
accompanied  by  the  occupation  of  tetrahedral  AI 
sites and  a  shift of the neighbouring O  atoms  [24]. 
This kind of oxygen vacancy and A1 occupation may 
favour  the  diffusion  of  AI  through  the  oxide. 
Similarly, the  wetting of ~-A1203 by liquid A1 can 
also  be improved by the presence  of Si or SiO2  in 
A1203 . It is known that there is an incubation period 
preceding wetting which was observed in every wet- 
ting  process.  A  small percentage  of SiO  2 (0.1-3%) 
added to A1203  may significantly decrease the incu- 
bation period [25]. Therefore the wetting of liquid A1 
on  mullite  and  a  high  Si-content  A1203  is  better 
compared to pure A1203. 
In addition, the adhesive strength of the interface 
is also effected by point defects existing in an oxide. 
Because of an extreme discontinuity in the dielectric 
properties  across  the  metal-ceramic  interface,  the 
charged  ions  and  defects in  the  ceramic  may  gain 
stability by proximity to the highly polarizable metal. 
From classical electrostatics this stabilisation energy 
is given by [26] 
Q2  £c__E  m  (8) 
U (R) =  ~ 4RE¢ q + £m' 
where  ~  is  added  here  to  represented  the  defect 
density,  Q  is  the  defect  charge,  R  the  interface 
spacing, Em and E¢ are the dielectric constants of metal 
and ceramic, respectively. According to equation (8), 
the bond strength between the ceramic and the metal 
is  enhanced  by  highly  charged  defects  at  a  high 
density.  Therefore  the  point  defects  in  muitite 
identified  by  HREM  may  be  favourable  to  the 
interface  strength.  Because  of the  screening effects 
due  to  the  highly  polarizable  metal  segregation 
enthalpies of charged defects to the interface might be 
much  larger  than  the  corresponding  segregation 
enthalpies  to  free  surfaces  of the  ceramic  material 
which  is  generally  speaking  in  contrast  to  the 
situation in metals [27]. As a consequence the defects 
in  ceramic/metal  systems  may  act  as  cohesion 
enhancers since in that case the interface energy will 
be  enhanced.  However,  at  this  point  it  has  to  be 
emphasized that the formulation of the binding be- 
tween  metal/ceramic interfaces  by  (classical) image 
interactions is just an alternative way of describing 
the chemical binding term  -AFm¢ [equation (3)] and 
not an additional effect [28]. 
An additional reason for a good adhesion between 
aluminium  and  mullite  is  a  smaller  lattice  misfit 
compared  the  AI/~-AI203,  provided  a  favourable 
orientation  relationship  exists.  For  instance,  the 
lattice  misfit  of  mullite/A1  on  the  plane  of 
mullite(120)/Al(ll0)  is  0.73%  in  the  direction 
of mullite[001]/Al[110] and 4.37%  in the direction of 
mullite[210]/Al[001],  but  the  misfit  on  the  plane 
of AI203(001)/AI(Ill  )  is  16.7%  in  the  direction of 
AI  2  03 [ 100]/AI[110]. In this way the number fl of atom 
pairs  expressed  in  equations  (3)  and  (5)  at  the 
interface  A1/mullite  may  be  larger  than  that  of 
AI/A1203,  and  a  higher  adhesion  will be  achieved. 
Further,  a  smaller lattice misfit may also lead to  a 
smaller effective interface separation that in its turn 
contributes to a  larger stabilisation energy based on 
classical electrostatics [equation (8)]. 
Beside a good adhesion between mullite and A1, the 
mechanical properties of mullite are very attractive as 
well. Since mullite is not subject to any polymorphic 
conversion  or  volume  change,  it  exhibits  a  high 
thermal  shock  resistance  [29].  It  was  reported  [30] 
that a reaction-bonded mullite ceramics exhibits high 1162  ZHOU and De HOSSON:  METAL42ERAMIC INTERFACES 
fracture  strength  (290 MPa)  and  the  volume 
expansion of the reaction almost compensates for the 
shrinkage  upon  sintering.  This  superior  ability of 
mullite to resist deformation [16] at high temperature 
prevents cracking along the interface. Therefore the 
formation of a mullite interface layer may be crucial 
to create a well bonded oxide coating on AI alloys in 
such  a  laser  coating  process  for  engineering 
applications. 
In  order  to  form  a  mullite  structure,  a  lower 
fraction of AI in the mixture powder of SiO2 and AI 
may  be  used  during  the  reaction  coating.  In  the 
molten  layer of oxide,  the  silicon is  over-saturated 
and will diffuse into the aluminium substrate through 
the  metal/oxide  interface.  Therefore  the  silicon 
concentration  at  the  metal/oxide  interface  will  be 
rather high which favours the formation of mullite 
composition  ranging  from  3A1203- 2SIO2  to 
2A1203"  SiO2,  according  to  the  equilibrium  phase 
diagram in  A1203-SIO2 system  [31].  Similar results 
have  been  reported [16]  in  a  glazing processing on 
aluminium  with  silicate,  where  mullite  crystals 
developed  at  the  interface  between  porcelain  and 
aluminium fired at high temperature. 
4.  CONCLUSIONS 
Two types of interface layers, namely mullite and 
a high Si-content A12 03, have been identified between 
the ~-A1203 reaction coating and  A16061 substrate. 
The interface bonding of mullite/Al is always good 
but pores and debonding between u-Al  2  03 and AI are 
sometimes  observed.  Point  defects  in  the  mullite 
crystal were resolved by a series of defocus of HREM 
images combined with image simulations. Twins and 
stacking defects in Si precipitates in the coating were 
observed with HREM.  An approximate expression 
that  relates interface strength  to  wetting properties 
was investigated for a  metal/ceramic interface. It is 
figured out that a good wetting can not only improve 
the theoretical strength of a perfect interface but also 
reduce the possibility of crack formation along the 
interface  which  determine  the  practical  interface 
strength. In this reaction coating the wetting process 
is mainly governed by the contact of liquid AI with 
the  reaction products  of mullite and  ~-AI203. The 
non-stoichiometrie behaviour and point defects in the 
mullite  may  be  contributed  to  a  good  wetting 
behaviour  with  AI  and  adhesive  strength.  The 
formation of mullite/A1 interface may be essential to 
form a  good bond by reaction coating on A1 alloy, 
and a  high Si-content A1203  interface layer may be 
wetted better than pure ~-A1203 by liquid AI. 
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